Anatomy song to be described with high fidelity, which greatly University of Chicago facilitates the description of the behavior.
separated by much longer intervals of complete silence.
contained labels identifying each syllable as to type, and onset and offset times, assigned by a human expert. Each group of spikes is called a burst. RA neurons typically exhibited multiple bursts during each complex sylTo examine the structure of spike burst timing, we extracted all the exemplars of a given syllable type and lable. Each burst typically contained many spikes, and had a unique internal structure (sequence of interspike the associated spike data. In prior studies, syllable onsets were adjusted based on maxima in cross-correlointervals); thus, each burst had a unique identity and could be classified as belonging to one of a discrete set grams of spectrographs between all syllables of the same type. When the spike trains associated with the of burst types. By matching the acoustic and associated neuronal data, a one-to-one correspondence was estabsyllables were adjusted accordingly, an internal structure to the bursts could be detected. Furthermore, when lished between syllable type and sequence of spike burst types (Yu and Margoliash, 1996) . the onset timing of spike bursts were aligned based solely on the timing of the spikes (i.e., ignoring the timing The dataset of songs and associated RA spike times of the acoustics), this revealed fine temporal patterns bles, the correlations (r ϭ 0.32 Ϯ 0.138) were significant within the bursts that were otherwise difficult to detect (p Ͻ 0.05). (Yu and Margoliash, 1996; Dave and Margoliash, 2000) .
The tight coupling between acoustic features and The previous procedures aligned spike bursts so as to neuronal activity permitted analysis of the precision of minimize the temporal distance to a single "referent" the acoustics (behavior) using the superior temporal resburst. We developed an optimization procedure that did olution of the neuronal data as the standard of measurenot require a referent burst (see Experimental Procement. We defined a "reliable" local acoustic feature of dures). Applying this procedure to all 59 bursts for all a syllable type as one that was detected in at least 70% 14 syllable types (13 units-two complex syllable types of the exemplars of that syllable type (this eliminated were available for the single unit recorded from the bird cases of excessive contamination from female calling RA01), across all bursts the average variance in the and other noise). We chose small bin widths to distintiming of the first spike within each burst was remarkably guish temporally adjacent acoustic features (see Experismall, only 0.23 Ϯ 0.17 ms. The optimization procedure mental Procedures, Figure 1F ). We considered only was unbiased in the sense that it put equal weight on cases where a reliable local acoustic feature occurred all spikes. This demonstrates that the internal structure within Ϯ 50 ms of the onset of a spike burst, after the of spike bursts is highly regulated, although there may adjustment for 40 ms pre-motor lead. On this basis, be a slight tendency for increased variance of timing for across all neurons, adjusting the timing of the acoustic the latter spikes of bursts (e.g., Figures 1D, 2A, 2B, 3A, features based on the alignment of the associated spike and 3B).
bursts resulted in a variance in the acoustic features of The small variation in spike timing revealed with the only 1.04 Ϯ 0.28 ms, a remarkable precision of vocal optimization procedure suggested that there might also behavior (Table 1) . For each neuron, the acoustic scatter be similarly small variation in the acoustics of song.
was less than 1/4 of the bin width, hence a 95% confiPreviously, cross-correlation of spectrographs of notes dence interval of the timing of acoustic features relative had failed to reveal such variation (Yu and Margoliash, to the timing of neuronal bursts fell entirely within the 1996), but this failure could have been due to insufficient bin. Collectively, these observations demonstrate quantemporal resolution. Thus, a new procedure was develtitatively for the first time spike timing of RA neurons oped to identify with high temporal precision the timing that is closely associated with local acoustic features of individual acoustic features of song. Using this proceof a syllable type. Such temporal precision will generally dure, across all exemplars of a syllable type, the absohold for syllables of the motifs of songs but not for lute time of each acoustic feature of song was adjusted introductory notes of song (Yu and Margoliash, 1996) . by the shift in time required to align the corresponding spike burst. This yielded a fine temporal pattern in the Temporal Drift in RA Activity acoustic features. For example, for unit 1, when the bird Theories of temporal coding and pattern-finding algo-RA01 sang syllable D multiple times, the same acoustic rithms often assume stationarity of spike patterns. The features could be detected for each exemplar of syllable precision with which we were able to measure neural D. When the timing of acoustic features was represented activity allowed us to directly test this hypothesis. Given by a raster plot, parallel lines representing acoustic feasuch tight regulation of intraburst spike timing and assotures were observed, resembling the parallel lines repreciated acoustics, it was surprising that when RA neurons senting spike timing ( Figure 1E) . A similar phenomenon exhibited multiple bursts within syllables, we often obwas observed for all units. served a systematic variation in the onset timing of adjaThe alignment of acoustic features based on spike cent bursts. In raster plots of spike trains, the variation burst timing strongly depended on choosing a spike in onset timing manifested itself as an overall change burst that was temporally close to the acoustic feature.
in intervals between burst onsets. For example, in Figure  For example, for unit 13 (bird YU49), aligning the second 3, for each of two syllable types the first spike bursts spike burst, which occurred toward the beginning of are aligned, maximizing the observed structure in those syllable C (Figure 2A) , resulted in good alignment of bursts. All other spikes are plotted relative to the first initial acoustic features of syllable C and some disorder bursts without further adjustment. There is a clear patin terminal acoustic features of syllable C ( Figure 2C) . tern in the timing of the other "target" bursts relative to Conversely, aligning the third spike burst, which octhe aligned first bursts, so that each time the bird sang curred toward the end of syllable C (Figure 2B ), resulted the syllable, the onsets of the target spike bursts "drifted" in good alignment of terminal acoustic features of syllaaway from the onset of the aligned burst. The sense of ble C and some disorder in initial acoustic features of the drift (positive or negative) depended strictly on the syllable C ( Figure 2D) . Quantitatively, the variance in the position of the target burst relative to the aligned burst. timing of the aligned acoustic features was lowest for Thus, in all cases where drift was observed, the direction those features that were closely temporally associated of the drift in target bursts was reversed when alignwith the aligned spike burst. The variance increased ments were computed on bursts preceding or following for acoustic features that were temporally more distant target bursts. The overall direction of drift was typically from the aligned spike burst (e.g., Figure 1G ). This effect toward increasing interburst intervals. was seen for all 12 syllables (one syllable had only a To assess the statistical significance of the apparent single burst), so that positive correlations were observed drift in burst timing, we calculated the time intervals for each syllable when comparing the temporal distance between bursts, choosing a well-aligned single spike between all acoustic features and each of the aligned within a burst and using the time of that spike as the bursts with the "acoustic scatter" (defined as the standard error of the timing) of the features. For 8/12 syllatime of the burst. Typically, the onset spike was chosen. In most cases, the first and last spike bursts associated burst during the complex syllable. Two units (no. 4, 9) failed to exhibit within-syllable drift. For unit 4, however, with a syllable were chosen for analysis, to obtain the largest observable drift. The drift was analyzed using the bird sang only briefly while unit isolation was maintained (16 repetitions of its complex syllable), hence the the standard linear regression of the duration of the time interval between bursts on the repetition number of the power of the statistical test was reduced. For a fourth unit (no. 7), drift was readily apparent throughout most syllable. By this analysis, for 11/13 neurons (all four birds), the spike data exhibited significant drift (Table  of the recording; however, there was a sudden discontinuity (a "re-setting") that occurred near the end of the 2). The magnitude of the drift was 0.107 Ϯ 0.215 ms/ repetition of an average burst interval of 154 ms, or recording. The drift for this unit was highly significant when considering the recording prior to the re-setting, 0.695 Ϯ 1.396 ms/s of song. This number, however, averages out a larger variation in relative timing obbut not when considering the entire data set for this neuron (Table 2) . Such re-setting was also observed in served when analyzing zebra finch songs over shorter intervals of time (see below), and is inflated by an outlier other neurons (see below). Thus, only one unit (no. 9) presented sufficient data where we would expect to unit (no. 5) with unusually large drift. Unit 10 was excluded from this analysis because it had only a single detect drift but failed to do so. Drift between spike bursts was observed not only relating burst intervals 1-3 and 3-4 graphically demonstrates this relationship, which had a correlation coeffiwithin syllables but in bursts associated with different syllables, throughout the motifs each bird sang. For excient of 0.40 ( Figure 5 ). To quantitatively test the hypothesis that interburst ample, in Figure 4 , longer sections of song with multiple bursts representing neural activity during entire motifs intervals covaried, we compared pairs of nonoverlapping burst intervals, eliminating artifactual inflation of are shown for three of the exceptional neurons described above (units 4, 9, 10), for which within-syllable the correlation coefficients that would have otherwise resulted from the overlapping interval. The intervals drift was not observed. Because in this example the time interval plotted is longer, the drift and re-setting of were defined by three bursts. The first and the third bursts were chosen as bursts for which significant relaspike activity is more obvious. Unit 4 had few repetitions, but time axis compression was apparent when considertive drift was established. Where possible, the intervening second bursts were chosen to be about equidistant ing activity across the entire motif. Unit 9 failed to exhibit drift for its complex syllable, but relatively large changes from the other two. Under these criteria, high correlation coefficients were commonly observed comparing burst in spike timing starting at about repetition 30 were apparent when the timing between syllables was considintervals within complex syllables. The absolute value of the correlation coefficient was 0.41 Ϯ 0.21 for 10 pairs ered. Unit 10 had only a single burst for each of three syllables, but it clearly exhibited time axis expansion of intervals for 10 units (three birds). (Four syllables were excluded from this analysis: for unit 1 (two syllables), when timing between syllables was considered.
To quantify the drift across syllables, we compared the drift between the intervening burst and the extreme bursts was not significant; for unit 4, there were insuffithe timing of the last spike burst in the complex syllable with the first spike burst in a preceding syllable of the cient repetitions; for unit 10, there was only a single burst.) Interestingly, for several cases, some pairs of same motif. (Some units did not burst in the syllable immediately preceding the complex syllable.) In addiburst intervals were negatively correlated, even while the total duration of the intervals exhibited positive drift. tion, for two units, the bird sang the complex syllable in two distinct motifs, which increased the number of For example, during syllables FG, unit 7 generated three bursts. The interval between the first and the last burst cases. This resulted in 16 cases (13 units), of which 15 showed significant intersyllable drift (p Ͻ 0.032). The had highly significant drift (p Ͻ 0.0001). The correlation between the two nonoverlapping intervals was Ϫ0.54. magnitude of the drift was 0.18 Ϯ 0.167 ms/repetition for a 364 ms average interval, or 0.495 Ϯ 0.460 ms/s of This implies that during drift, compression and expansion of the time axis occurred concurrently. Furthersong. Thus, intersyllable drift was confirmed for each unit bar one, emphasizing that time axis variation was more, the positive correlation (␣) we observed between nonoverlapping intervals (X and Y) implies that the correobserved throughout motifs.
The analyses suggested that drift was an ongoing, lation between X and X ϩ Y is 1 ϩ ␣. This implies that longer burst intervals are associated with larger magnicumulative phenomenon that occurred at a basal rate throughout song under the conditions of these retudes of neuronal drift. cordings. As one test of this hypothesis, we assessed whether interburst intervals covaried. Indeed, for each
Drift Occurs over at Least Two Time Scales
The preceding data demonstrate changes in intervals besite that exhibited statistically significant drift, interburst intervals exhibited a linear relation in their duration. For tween spike bursts within syllables. These changes could result from dependencies on elapsed time, the temporal example, for the activity of unit 2 during syllable D, when the spike data were aligned by the third burst in syllable dynamics of singing, or a combination of the two. To assess these possibilities, we examined the timing of spike D, the timing of the other bursts associated with syllable D drifted away from the third burst. A scatter diagram bursts relative to elapsed time ("wall clock" analysis), and
We observed that when birds sang multi-motif songs, the burst intervals associated with the complex syllables of the second motifs were typically larger than the burst intervals associated with the complex syllables of the initial motifs. The changes in the burst intervals of 3rd and subsequent motifs were smaller and not always positive, but the trend within individual songs was toward longer intervals. To show this graphically for two neurons, in Figure 6 The change in timing between bouts of songs was more variable. Given that the number of bouts of songs for each unit in the dataset was small, it was difficult to establish any statistically significant pattern for the interbout variation. In some cases, there was a re-setting of the burst timing across song bouts, which decreased the duration of a burst interval. For unit 2 ( Figure 3A) , for example, the re-setting was insufficient to completely offset the increase caused by the change in previous song bouts, leading to a low-magnitude drift of spike burst timing in one direction. It appears that for this neuron, as well as many others, that the activity tended to have different overall drift in different periods. Unit 2 seemed to have a slower overall drift in the latter part served in the neuronal recordings. Alternatively, we hypothesized that during these recording sessions, the timing of the acoustics of song changed in a manner relative to syllable positions within song. Wall clock analconsistent with the neural drift we had observed. We ysis will produce clumps of syllables since much larger calculated the correlation between changes in timing of intervals separate song bouts than songs within bouts. the acoustic features and timing of spike bursts. In 10 This results in clumped data in plots of drift versus cases where recordings were relatively uncontaminated elapsed time. In the insets for Figure 6 , the clumps of with external sounds, a strong correlation was observed data are numbered for the two representative units plotted.
(0.77 Ϯ 0.11, Table 3 ). Thus, we demonstrated that (Yu and Margoliash, 1996) . We used the timing neurons, the data give some insight in population coding in RA. In monkeys, it has been observed that the indeof all spikes within a burst to uncover the remarkable precision of both spiking activity and behavioral output. the extreme precision in timing we observed for syllables was obtained when male zebra finches sang their songs These differences between primate and songbird motor areas may result in part from methodological differ-"directed" toward females. In the small number of recordings we examined of birds singing "undirected" ences. In the primate experiments, the many degrees of freedom of movement were artificially reduced, and songs (no females present), RA activity patterns were less reliable (data not shown; see also Hessler and precise records of movements were difficult to obtain. In contrast, our data suggest that spike bursts are unitary Doupe, 1999). This suggests that extreme temporal precision such as we have observed is maintained only events, and that the temporal unfolding of behavior is represented by the timing and identity of spike bursting under the most challenging of behaviors. This opens the possibility that temporal coding is present in other patterns. The limitations of this organizational scheme systems but is more difficult to observe (e.g., Hatsopoulos et al., 1998). with those in other systems, then possibly those systems also experience temporal drift. If such drift is not directly observable, any statistical measure of temporal precision of spiking activity must take into account a information regarding the acoustics. The acoustic features were reliably repeated and independent of specific hidden drift, presumably on a time scale not finer than that we have reported here.
Statistical Analysis of Temporal Precision and the Importance of Behavior
neurons being recorded, facilitating detection by statistical tests. In most systems, the neuronal activity is much less phasic than we have observed in RA, making it more
The temporal patterning we have described for RA neurons might also be present in other systems but be challenging to find fine temporal pattern in neuronal activity. In such cases, it is particularly important to harder to detect. For neuronal activity that is not as structured as in RA, the selection of appropriate statisrecord precise details of the associated behavior, to facilitate identification and quantification of simple and tics and analysis of the power of the statistic is particularly important. In several recent studies, it was coninformative features of behavior, yet this is not always accomplished. A precise description permits direct tests cluded that precise repeating patterns of cortical spikes occurred at chance levels; however, the issue of the of the temporal precision of behavior associated with neuronal activity, and provides prior knowledge as to power of the statistics used was not addressed (Oram et al., 1999; Baker and Lemon, 2000) . Most of the statistics the precision expected from the neuronal activity. In our study, identifying the appropriate features of vocalizaused are either the total count of patterns with a certain number of spikes repeating a certain number of times, tions was the key to establishing the temporal precision of behavior associated with neuronal activity. The feaor the count of a specific nonmaximal pattern. The most powerful statistics, with respect to an alternative hytures used were simple (points on the frequency-time plane), rather than high-dimensional vectors more compothesis supporting the existence of fine temporal pattern, are likely to be some "extreme" statistics, i.e., stamonly used, yet these simple features contained much noise, which usually had a low energy level, only peaks with magnitude larger than a threshold were registered. Thresholds were chosen by manual inspection. Different types of syllables were associExperimental Procedures ated with different thresholds, while for syllables of the same type across multiple recording sessions on multiple days, the threshold The key to our study was to find the fine temporal structure in the pre-motor activity in RA and the associated singing. To achieve this, was fixed. We observed a tendency at higher frequencies for the number of features to decrease and for the scatter in features to methods were developed based on alignment of neuronal data and high temporal resolution analysis of acoustic data. All algorithms increase. Thus, we chose a range of relatively low frequencies for analysis, 1484, 1641, 1797, or 1953 Ϯ 78 Hz for the data presented were implemented in the MATLAB language (The MathWorks, Natick, MA).
Analysis of Neural Activity
in Table 1 .
Our definition of an acoustic feature implies that most of the many cases, an acoustic feature occurred within Ϯ50 ms of two or more bursts and was counted multiple times. The sum of the counts features are reliably distributed along the spectral contours of a vocalization, giving compact representations of the global shapes across all bursts of a unit is reported in Table 1 , column 2. For each of these resultant acoustic alignments, we calculated the scatter of of the spectrographs. Therefore, despite the simplicity of individual features, their aggregate contains information regarding the frethe features around that alignment. The mean and the standard error of the scatter across all aligned bursts and the associated quency modulations within syllables, which are the most prominent acoustic features. Since timing of peaks in amplitude is less subject acoustic features are reported in Table 1 , columns 4 and 5. to noise than amplitude itself, we chose analysis of timing as a more reliable method for describing the structure of song.
Identifying Songs In accordance with the idea that pre-motor activity regulates singThe zebra finches in these experiments tended to sing in "bouts," ing, first we aligned the neuronal data without any reference to the defined as multiple songs produced in close succession followed associated acoustic data, yielding optimal shift ⌬ i for the i th spike by longer intervals (Ͼ30 s) of silence. Each "song" typically had train. Then, we shifted each acoustic trace by the ⌬ i corresponding multiple introductory "notes" followed by one or more "motifs." to the associated neuronal data. We also adjusted for a 40 ms lead Each motif consisted of a sequence of "syllables." Syllables typically in pre-motor neuronal activity. (The exact value of pre-motor lead comprised multiple notes. For each bird, there was at least one is not critical; the adjustment merely places the song acoustic feahighly complex syllable (many notes) in the motif. ture in the vicinity of the associated neuronal activity.)
By the hierarchical organization of zebra finch singing, identifying songs was reduced to identifying motifs that followed one or more introductory notes. We identified motifs by noting that in our data Measuring Feature Alignment set, each motif contained a single complex syllable. Our analysis of temporal patterns in singing depends on detecting feature alignments and evaluating the acoustic scatter. Suppose F 1 ,
